Sphingomonas difficilis sp. nov., a difficultly cultivable bacterium that grows on solid but not in liquid medium, isolated from an abandoned lead-zinc mine 
The genus Sphingomonas, as the type genus of the family Sphingomonadaceae, was first described by Yabuuchi et al. [1] . It has been subsequently divided into four genera (Sphingomonas sensu stricto, Novosphingobium, Sphingobium and Sphingopyxis) by Takeuchi et al. [2] , mainly based on differences in the 16S rRNA gene sequences, polyamine profiles and the 2-hydroxy fatty acid patterns. It has been strongly suggested that the name Sphingomonas should be retained only for the members of Sphingomonas sensu stricto [3] , and the dissection was gradually accepted by most colleagues. Members of the genus Sphingomonas are characterized as Gram-reaction-negative, capable of hydrolysing aesculin, having 2-hydroxy fatty acids and containing sphingoglycolipid as the characteristic polar lipid, ubiquinone 10 as the predominant respiratory quinone and sym-homospermidine as the major polyamine. During an investigation of cultivable bacteria in an abandoned leadzinc mine in Meizhou, Guangdong Province, PR China (24 21¢ 44 † N 116 16¢ 34 † E), several potential novel species of the genus Sphingomonas were obtained, of which four species, Sphingomonas guangdongensis [4] , Sphingomonas gimensis [5] , Sphingomonas metalli [6] and Sphigomonas spermidinifaciens [7] , have been proposed, and the major polyamine profile description of the genus Sphingomonas has been emended with the proposal of S. spermidinifaciens [7] . Here, we describe another difficult to cultivate strain of the genus Sphingomonas, designated 1PNM-26 T , by a polyphasic taxonomic approach.
Strain 1PNM-26
T was isolated and purified on R2A agar as described by Feng et al. [5] . The genomic DNA was extracted by using a commercial genomic DNA isolation kit (Magen) and the 16S rRNA gene was amplified with the bacterial universal primers 27F and 1492R [8] . The PCR products were cloned into the vector pCR 2.1 (Invitrogen) and sequenced using an ABI 3730XL DNA sequencer (Applied Biosystems) with the primers M13F (5¢-TGTAAAACGACGGCCAGT-3¢) and M13R (5¢-CAG-GAAACAGCTATGACC-3¢) by Invitrogen (Shanghai, PR China). The EzBioCloud sever was used to perform the 16S rRNA gene sequence similarity searches [9] . Phylogenetic analyses were performed using the software MEGA 5.0 [10] with the neighbour-joining (NJ) [11] , minimum-evolution (ME) [12] and maximum likelihood (ML) [13] methods.
The bootstrap values were set as 1000 replications and Kimura's two-parameter model [14] T , were all grown on R2A agar under the same conditions. Growth on different media was determined at 28 C for 7 days, including R2A agar [17] , PYE agar [18] , nutrient agar (NA, BD) and tryptic soy agar (TSA, BD). Anaerobic growth was tested on R2A agar for 14 days at 28 C by using an MGC anaerobic pouch (Mitsubishi). The growth temperature range for strain 1PNM-26 T was determined on R2A agar at 4, 10, 15, 20, 25, 30, 32, 35, 37 and 40 C for 14 days, respectively. Growth at different NaCl concentrations (0, 0.5, 1, 2, 3, 4 and 5 %, w/v) was tested on R2A agar at 30 C for 14 days. Colony and cell morphology were observed optically and with a transmission electron microscope (H7650, Hitachi) with cells grown on R2A agar after 4 days at 28
C. Gram reaction was tested using the KOH method [19] . Catalase and hydrolyses of starch, Tween 80 and Tween 40 were determined as described by Tindall et al. [20] . The API 20NE kit (bio-M erieux) and GEN III MicroPlate (Biolog) were used to determine other phenotypic characteristics according to the manufacturers' instructions. Strain 1PNM-26
T was able to grow on R2A agar and PYE agar, but not on NA or TSA. It grew very slowly and needed at least 4 days to form colonies on the R2A or PYE agar at 28 C. Notably, we also found that strain 1PNM-26
T cannot grow in the liquid R2A or PYE medium, indicating that it grows only on solid media. To our knowledge, it is the first reported strain in the genus Sphingomonas that can only grow on solid media. Anaerobic growth did not occur in the MGC anaerobic pouch. Strain 1PNM-26
T was able to grow at 20-35 C (optimum, 28-30 C) and with 0-1 % (w/v) NaCl (optimally without NaCl). Colonies on R2A agar were orange-pigmented, opaque, smooth, convex and 1-2 mm in diameter after 4 days growth at 28 C. Cells were Gram-reaction-negative, nonspore-forming, non-motile and rod-shaped (Fig. S1 , available in the online version of this article). The strain was positive for oxidase, catalase, b-galactosidase and hydrolyses of aesculin and Tween 40, but negative for nitrate reduction, indole production, glucose fermentation, arginine dihydrolase, urease and hydrolyses of gelatin, starch and Tween 80. The substrate assimilation reactions for strain T in the API 20NE kit were all negative. No valid data were obtained from the GEN III MicroPlate for strain 1PNM-26 T , as the positive control for the strain showed a negative reaction. The differential phenotypic characteristics between strain 1PNM-26
T and the closely related type strains are shown as Table 1 . It showed a positive reaction for hydrolysis of aesculin, which was consistent with the typical characteristic of the members of the genus Sphingomonas. The considerable differences in colony colour, growth media, bgalactosidase and substrates assimilation could clearly distinguish strain 1PNM-26
T from the closely related type strains, S. morindae KCTC 42183 T , S. polyaromaticivorans JCM 16711
T and S. oligoaromativorans NBRC 105508 T . Therefore, the phenotypic characterization also supported the hypothesis that strain 1PNM-26
T represents a novel species of the genus Sphingomonas.
For chemotaxonomic analyses, cells were cultured and collected under the same conditions unless stated otherwise, with strain 1PNM-26 T and closely related type strains grown on R2A agar for 5 days at 28 C. The genomic DNA G+C content was determined by using HPLC (model 1200, Agilent) as described by Mesbah et al. [21] . Polyamines were extracted and dansylated as described by Scherer and Kneifel [22] . Subsequently, the dansylated polyamines were analyzed with a ZORBAX Eclipse XDB-C18 HPLC column (250Â4.6 mm, 5 µm; Agilent) on HPLC (model 1260, Agilent) by using a linear gradient of water/acetonitrile from 40 : 60 (v/v) to 0 : 100 (v/v) over 20 min followed by the final eluent for a further 5 min. The flow rate was 1 ml min À1 and the column temperature was held at 40 C. The dansylated polyamines were detected by using a UV detector at a wavelength of 254 nm. Cellular fatty acids were extracted and determined by using GC (model 7890A, Agilent) according to the protocol of the Sherlock Microbial Identification System [23] , with 1PNM-26 T and the closely related type strains were grown on R2A agar for 4 days at 28 C under the same conditions. Respiratory quinones were extracted and analyzed by using HPLC (model 1200, Agilent) according to the methods described by Collins et al. [24] and Hiraishi et al. [25] . Polar lipids were extracted and determined as described by Tindall et al. [20] .
The genomic DNA G+C content was determined to be 66.3 ±0.3 mol%, which fell within the range (62-68 mol%) reported for the members of the genus Sphingomonas [26] , and was quite different from that of S. polyaromaticivorans JCM 16711
T [27] , but similar to those of S. T represents a member of the genus Sphingomonas. However, it could be clearly distinguished from the closely related type strains by the contents of summed feature 3, the presence of C 17 : 1 !6c and the absence of C 19 : 0 cyclo !8c ( Table 2 ). The predominant quinone was ubiquinone 10 (Q-10), which was in accordance with those of other members of the genus Sphingomonas. The main polar lipids consisted of sphingoglycolipid (SGL), phosphatidylglycerol (PG), diphosphatidylglycerol (DPG), phosphatidylethanolamine (PE), phosphatidylcholine (PC) and phosphatidyldimethylethanolamine (PDE), with minor amounts of phosphatidylmonomethylethanolamine (PME), an unidentified glycolipid, unidentified aminolipids and unidentified lipids (Fig. S2) . The presence of SGL, PG, DPG and PE indicated that the major polar lipids of strain T were in accordance with typical characteristics of the members of the genus Sphingomonas. However, the presence of PME, PDE, the unidentified glycolipid, unidentified aminolipids and unidentified lipids could be used to distinguish it from the closely related type strains.
In conclusion, the chemotaxonomic characteristics supported the hypothesis that strain 1PNM-26
T should be classified as a novel species of the genus Sphingomonas.
Based on the phenotypic, phylogenetic and chemotaxonomic data present here, strain 1PNM-26
T should be classified as representing a novel species of the genus Sphingomonas, for which the name Sphingomonas difficilis sp. nov. is proposed.
DESCRIPTION OF SPHINGOMONAS DIFFICILIS SP. NOV.
Sphingomonas difficilis (dif.fi¢ci.lis. L. fem. adj. difficilis referring to the type strain being difficult to culture, growing only on solid media) Cells are Gram-reaction-negative, aerobic, non-sporeforming, non-motile and rod-shaped. The strain is able to grow on R2A agar and PYE agar, but not on NA or TSA. The strain cannot grow in liquid media. Colonies on R2A agar are orange-pigmented, opaque, smooth, convex and 1-2 mm in diameter after 4 days incubation at 28 C. Growth occurs at [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] C (optimum, 28-30 C) and with 0-1 % (w/v) NaCl (optimally without NaCl). Cells are positive for oxidase, catalase, b-galactosidase and hydrolyses of aesculin and Tween 40 but negative for nitrate reduction, indole production, glucose fermentation, arginine dihydrolase, urease and hydrolyses of gelatin, starch and Tween 80. Unable to assimilate any of the substrates in the API 20NE kit, including glucose, L-arabinose, D-mannose, N- 
Conflicts of interest
The authors declare that there are no conflicts of interest.
